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Edited by Maurice MontalAbstract Syntaxin and Munc18 are essential for regulated exo-
cytosis in all eukaryotes. It was shown that Munc18 inhibition of
neuronal syntaxin 1 can be overcome by CDK5 phosphorylation,
indicating that structural change disrupts the syntaxin–Munc18
interaction. Here, we show that this phosphorylation promotes
the assembly of Munc18b–syntaxin 3–SNAP25 tripartite com-
plex and membrane fusion machinery SNARE. Using siRNAs
to screen for genes required for regulated epithelial secretion,
we identiﬁed the requirements of CDK5 and Munc18b in
cAMP-dependent gastric acid secretion. Biochemical character-
ization revealed that Munc18b bears a syntaxin 3-selective bind-
ing site located at its most C-terminal 53 amino acids.
Signiﬁcantly, the phosphorylation of Thr572 by CDK5 attenu-
ates Munc18b–syntaxin 3 interaction and promotes formation
of Munc18b–syntaxin 3–SNAP25 tripartite complex, leading
to an assembly of functional Munc18b–syntaxin 3–SNAP25–
VAMP2 membrane fusion machinery. Thus, our studies suggest
a novel regulatory mechanism in which phosphorylation of
Munc18b operates vesicle docking and fusion in regulated exo-
cytosis.
 2007 Federation of European Biochemical Societies.
Published by Elsevier B.V. All rights reserved.
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Gastric parietal cells are polarized epithelial cells in which
hydrochloric acid secretion is triggered by paracrine, endo-
crine, and neurocrine pathways [1]. Stimulation of acid secre-Abbreviations: SNAREs, soluble N-ethyl maleimide sensitive factor
attachment protein receptors; Stx, syntaxin; CDK5, cyclin-dependent
kinase 5; cAMP, cyclic adenosine monophosphate; SNAP25, synap-
tosome-associated protein of 25 kDa; VAMP 2, vesicle-associated
membrane protein 2; GFP, green ﬂuorescent protein; DIC, diﬀerential
interference contrast; AP, aminopyrine; Cit, cimetidine; His, hista-
mine; IBMX, isobutylmethylxanthine; PKA, protein kinase A; GST,
glutathione-S-transferase; WB, Western blot; siRNA, small interfering
RNA
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doi:10.1016/j.febslet.2007.07.083tion typically involves an initial elevation of intracellular
calcium and cAMP followed by activation of a cAMP-depen-
dent protein kinase cascade that triggers the translocation and
insertion of H, K-ATPase, into apical plasma membranes of
parietal cells and results in acid secretion into the glandular
lumen [2]. After secretory stimuli, the H, K-ATPase is with-
drawn back into the cytoplasm.
Soluble N-ethyl maleimide sensitive factor attachment pro-
tein receptors (SNAREs) are crucial for vesicle fusion. In the
brain, fusion of synaptic vesicles with the plasma membrane
requires three SNARE proteins: syntaxin 1, SNAP25 and ves-
icle-associated membrane protein 2 (VAMP2) [3–5]. The three
SNARE proteins form a four-helical bundle, the SNARE com-
plex, which mediates membrane fusion [6]. Our recent studies
demonstrate the functional signiﬁcance of syntaxin 3 (Stx3)
[7], VAMP2 [8], and SNAP25 [9] in the parietal cell exocytosis.
Despite demonstration of the functional importance of Stx3 in
parietal cell secretion [7], it is still unclear how Stx3 is involved
in the tubulovesicular membrane dynamics triggered by hista-
mine stimulation. Several proteins regulate SNARE function
in membrane fusion. Of particular importance is the cytosolic
protein Munc18 that binds syntaxin. Recent in vivo studies
indicate that Munc18 has a pivotal function in vesicle docking
and fusion [10,11]. Importantly, depletion of Munc18a in
mouse causes a complete loss of neurotransmitter secretion
from synaptic vesicles, indicating its essential role in exocytosis
[12]. However, it is unclear how Munc18 operates in regulated
exocytosis in response to physiological stimulation.
Here, we identiﬁed the requirements of CDK5, Munc18b
and Stx3 for polarized secretion in epithelial cells. Our studies
reveal a novel regulatory mechanism by which CDK-mediated
phosphorylation of Munc18b operates secretory vesicle dock-
ing and fusion in regulated exocytosis.2. Materials and methods
2.1. Recombinant protein production
Recombinant proteins and their isolation have been described previ-
ously [7]. Brieﬂy, Stx, SNAP25 and Munc18b were produced in BL21
Escherichia coli and puriﬁed on aﬃnity beads.
2.2. Cell culture and transfection
Primary cultures of gastric parietal cells from rabbit stomach were
produced and maintained as described [13]. Cultures of parietal cells
were transfected with a plasmid encoding green ﬂuorescent proteinblished by Elsevier B.V. All rights reserved.
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the manufacturer’s instructions. The DNA–lipid mix was added to the
plates and incubated for 4 h, followed by a replacement of fresh Opti-
MEM. The transfected cells were then maintained in culture at 37 C
in the presence of 100 lM cimetidine until use for protein expression
assay, immunoﬂuorescence or live cell imaging.2.3. Immunoisolation of SNARE complex from gastric parietal cells
Monoclonal antibody against Munc18b was ordered from BD Bio-
sciences (San Jose, CA, USA), respectively. Antibody was covalently
coupled to CNBr Sepharose beads (Sigma) according to the manufac-
turer’s instructions. Triton X-100 extracts of parietal cell plasma mem-
branes were prepared as described by [14] and incubated with
antibody-coupled beads. After 2 h of rotations at 4 C, the beads were
washed and the bound proteins were fractionated by SDS–PAGE and
analyzed by Western blotting.2.4. In vitro phosphorylation of Munc18b by CDK5
The glutathione-S-transferase (GST)-tagged wild type Munc18b,
and non-phosphorylatable (Munc18bT572A) mutant were expressed in
E. coli strain BL21 (DE3) and puriﬁed by using glutathione beads (Sig-
ma) as previously described [15]. Brieﬂy, 1 l of LB media was inocu-
lated with bacteria transformed with GST-Munc18b. The expression
of protein was induced by addition of 0.5 mM isopropyl-b-D-thioga-
lactopyranoside at 30 C for 3 h. After the induction, bacteria were
harvested by centrifugation and re-suspended in phosphate-buﬀered
saline (PBS) containing proteinase inhibitors (leupeptin, pepstatin,
and chymostatin; 5 lg/ml), and sonicated for four bursts of 10 s each
by using a probe-tip sonicator. The lysis solution was clariﬁed by cen-
trifugation for 20 min at 10000 · g. The soluble fraction was applied to
a column packed with glutathione-agarose beads, followed by exten-
sive washes with PBS.
For in vitro phosphorylation assay, aliquots of wild type GST-
Munc18b and mutant GST-Munc18bT572A proteins (20 lg each) were
incubated with 200 ng of active CDK5 (Upstate Biotechnology, New
York) in kinase buﬀer (25 mM HEPES, pH 7.2, 1 mM DTT, 50 mM
NaCl, 2 mM EGTA, 5 mM MgSO4) with 50 lM ATP and 0.5 lCi of
[32P] ATP. The reaction mixtures (50 ll) were incubated at 30 C for
30 min and terminated by adding SDS–PAGE sample buﬀer. Proteins
were then fractionated on SDS–PAGE. The gel was stained with Coo-
massie Brilliant Blue and quantiﬁed by a PhosphoImager (Amersham
Biosciences) as previously described [13].2.5. Visualizing GFP-Stx3 dynamics in live parietal cells
Cultured parietal cells expressing GFP-Stx3 were observed in real
time in the presence of Dulbecco’s phosphate-buﬀered saline (Gibco
BRL) using a temperature-controlled chamber (Warner Instr. Corp.)
at 37 C. Parietal cells were either maintained in a resting state or stim-
ulated, as described above, and images were collected sequentially
using a laser-scanning confocal microscope LSM510 Meta (Carl Zeiss,
Germany). Digital images were exported into Adobe Photoshop for
presentation.2.6. [14C] Aminopyrine (AP) uptake assay
Stimulation of parietal cells was quantiﬁed using the AP uptake
assay as previously described [8]. Cells were transfected with small
interfering RNA (siRNA) for 36 h before stimulation of histamine
and isobutylmethylxanthine (IBMX) (100 and 30 lM). AP uptake val-
ues were normalized among the various preparations by expressing as
a fraction of the stimulated control.
2.7. Repression of SNARE proteins with siRNA
The siRNA sequences used for silencing Stx2, Stx3, Munc18b,
CDK5 are listed in the supplemental table. As a control, either a
duplex targeting cyclophilin or a scrambled sequence was used as
described [15]. The 21-mer oligonucleotide RNA duplexes were synthe-
sized by Dharmacon Research, Inc. (Boulder, CO). In trial experi-
ments, diﬀerent concentrations of siRNA oligonucleotides were used
for diﬀerent treatment times as detailed previously, and transfection
eﬃciency was judged based on the uptake of ﬂuorescein isothio-
cyanate-conjugated oligonucleotides. The siRNA-mediated protein
suppression was judged by Western blot (WB) analysis.2.8. Western blot
Samples were subjected to SDS–PAGE on 6–16% gradient gel and
transferred onto nitrocellulose membrane. Proteins were probed by
appropriate primary antibodies and detected using ECL (Pierce, IL).3. Results and discussion
3.1. SiRNA screen revealed the importance of CDK5 and
Munc18b in parietal cell secretion
Stx3 is present in the vesicular membrane fraction of gastric
parietal cells [14] and is essential for parietal cell activation [7].
To delineate the molecular mechanism underlying the recruit-
ment of H, K-ATPase-containing membrane to the apical
membrane during the parietal cell activation, we chose GFP-
Stx3 as a reporter. In resting cells, GFP ﬂuorescence is seen
throughout the cytoplasm of positively transfected cells and
especially in the immediate vicinity of the apical membrane
vacuoles (Fig. 1A, a–c; asterisk). The images of maximally
stimulated cells (a 0–c 0) demonstrate that GFP-Stx3 appears
on the enlarged apical vacuoles, suggesting that Stx3 is trans-
located to the apical membrane after stimulation. We used this
‘‘cell-based’’ assay coupled with siRNAs to screen genes essen-
tial for parietal cell activation judged by GFP-Stx3 transloca-
tion and dilation of the apical vacuoles. The CDK5 protein
expression was successfully suppressed by 100 nM siRNA oli-
gonucleotide duplex judged by WB analyses (Fig. 1B). Fig. 1A
(a00–c00) shows that suppression of CDK5 prevents histamine-
stimulated vacuole swelling due to an inhibition of the
partitioning of GFP-Stx3. The GFP ﬂuorescence primarily
surrounds the apical membrane vacuoles (b00; asterisk). This
becomes clear when the GFP image is merged with diﬀerential
interference contrast (DIC) optics (c00, asterisk), suggesting
that CDK5 may be important for insertion of the proton pump
into the apical membrane.
To conﬁrm the role of CDK5 in parietal cell activation, we
measured acid secretion using an aminopyrine uptake assay
[7]. Parietal cell cultures from each condition were either main-
tained in a resting state (Cit) or stimulated to maximum secre-
tion with histamine plus IBMX (His). The [14C] AP uptake was
measured as an index of acid secretion (Fig. 1C). To account
for variations among four separate preparations, the [14C]
AP uptake ratio was normalized to the control non-infected,
stimulated parietal cells that was set at 100% for each experi-
ment. The protein kinase A (PKA) inhibitor H89 was included
as a positive control for conﬁrming the involvement of PKA
activation in histamine-stimulated parietal cell secretion. Com-
pared with untransfected controls, [14C] AP uptakes were not
signiﬁcantly lower in cells transfected with scramble oligo-
nucleotide duplex (95.7 ± 3.7% of stimulated control). How-
ever, signiﬁcant reduction of acid secretion in cells in which
CDK5, Munc18b or syntaxin f3 was suppressed (Fig. 1C, D
and E). Despite the successful repression of Stx2 protein
(Fig. 1F), acid secretion was not greatly impaired (Fig. 1C),
suggesting that Stx2 may not participate in parietal cell acid
secretion. Thus, we conclude that CDK5, Munc18b and Stx3
are essential for parietal cell acid secretion.
3.2. Munc18b contains a Stx3-selective binding activity
Our previous works demonstrate the functional signiﬁcance
of SNARE proteins in parietal cell secretion [7,9]. To illustrate
the molecular function of Munc18b in parietal cell secretion,
Fig. 1. CDK5 and Munc18b are essential for parietal cell activation. (A) GFP-Stx3 serves as an optical reporter for assessing live gastric parietal cell
activation. Primary cultures of gastric parietal cells were transfected with GFP-Stx3 DNA construct. After 36 h, cells in the presence of 100 lM
cimetidine were examined for general morphology and GFP ﬂuorescence. Two adjacent cultured parietal cells are shown with corresponding images
of DIC optics (a; DIC), epiﬂuorescence (b; GFP), and their merged image (c). Parietal cells are readily distinguished as large cells with obvious
internalized vacuoles of apical membrane (indicated by asterisk). In resting parietal cells (a–c), apical membrane vacuoles are clearly seen in all
images surrounded by GFP ﬂuorescence extending into the cytoplasm (b and c). Another two separate groups were stimulated with 100 lM
histamine, either transfected with CDK5 siRNA duplex (100 nM) (a00–c00) or scramble control (a 0–c 0) 36 h prior to the stimulation. After a 20 min
stimulation, cultured parietal cells were also assessed for general morphology (DIC) and for GFP-Stx3 ﬂuorescence (GFP-syn3). Apical membrane
vacuoles are much enlarged in the stimulated state because of the accumulation of HCl and water, whereas the vacuoles are not enlarged when the
CDK5 protein is suppressed by siRNA oligonucleotide. There is a high degree of localization of the GFP-Stx3 to the apical membrane vacuoles of
secreting cells and a relative diminution of signal in the cytoplasm. Bar: 20 lm. (B) Eﬃciency of siRNA in suppressing CDK5 protein accumulation.
Cultured parietal cells were transfected with the CDK5 siRNA oligonucleotides for 36 h and subjected to SDS–PAGE and immunoblotting. Upper
panel, immunoblot for CDK5; middle panel, immunoblot for PKA; lower panel, immunoblot for ezrin. (C) Repression of CDK5, Munc18b and Stx3
inhibits acid secretion by cultured parietal cells. Cultured parietal cells were transfected for 36 h with siRNA duplexes for CDK5, Munc18b, Stx2,
Stx3 and scramble oligonucleotides. Additional cultures of non-transfected parietal cells served as untreated control Cells were then incubated for
30 min with cimetidine (Cit) or stimulated in the presence of 100 lM histamine and 30 lM IBMX (His), and the [14C] AP accumulation ratio was
measured. The data shown here from four experiments have been normalized by setting the value for the stimulated control to 100% for each
experiment. Values are the means ± S.E. of four independent experiments, each with duplicate determinations. Acid secretion was signiﬁcantly
inhibited in the absence of CDK5, Munc18b and Stx3 (P = 0.003) while depletion of Stx2 did not aﬀect acid secretion. 10 lMH89, a PKA inhibitor,
was included as a positive control. (D) Eﬃciency of Munc18b siRNA. Cultured parietal cells were transfected with the Munc18b siRNA
oligonucleotides for 36 h and subjected to SDS–PAGE and immunoblotting. Upper panel, immunoblot for Munc18b; lower panel, immunoblot for
Stx3. (E) Eﬃciency of Stx3 siRNA. Cultured parietal cells were transfected with the Stx3 siRNA oligonucleotides for 36 h and subjected to SDS–
PAGE and immunoblotting. Upper panel, immunoblot for Stx3; lower panel, immunoblot for Stx1. (F) Eﬃciency of Stx2 siRNA. Cultured parietal
cells were transfected with the Stx2 siRNA oligonucleotides for 36 h and subjected to SDS–PAGE and immunoblotting. Upper panel, immunoblot
for Stx2; lower panel, immunoblot for Stx3.
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Fig. 2. Munc18b contains a Stx3-selective binding activity regulated
by CDK5. (A) Stx3 binds two distinct regions of Munc18b. His-tagged
Stx3 on Ni-agarose beads was loaded with bacterial lysates of full-
length and various deletion proteins of Munc18b. Bound proteins were
fractionated by SDS–PAGE and stained with Coomassie Blue. Note
that both Munc18b1–156 and Munc18b540–593 bind Stx3. (B) Munc18b
exhibits a Stx3-selective binding activity. GST-tagged Munc18b (both
Munc18b1–156 and Munc18b540–593) on glutathione-agarose beads was
loaded with various puriﬁed His-Stx isoforms. Bound proteins were
fractionated by SDS–PAGE and stained with Coomassie Blue. Note
N 
that only Stx3 binds to Munc18b540–593 while all isoforms can bind to
Munc18b1–156. (C) Munc18b selectively binds to Stx2 and Stx3 in vitro.
His-tagged Stx isoforms on Ni-agarose beads were loaded with
bacterial lysates of full-length Munc18b. Bound proteins were
fractionated by SDS–PAGE and stained with Coomassie Blue. Note
that Munc18b binds poorly on Stx1 and not at all to Stx4. (D) Thr572
of Munc18b is a substrate of CDK5. Bacterially expressed GST-
Munc18b fusion proteins, both wild type and mutant (T572A), were
puriﬁed and phosphorylated in vitro using [32P] ATP and active CDK5
as described under Section 2. Samples were separated by SDS–PAGE.
Left: Coomassie Brilliant Blue-stained gel of samples of wild type
GST-Munc18b alone (lane 1), GST-Munc18b plus CDK5 (lane 2) and
GST-Munc18bT572A plus CDK5 (lane 3). Note that roughly equiv-
alent amounts of GST-Munc18b protein were present in the three
reactions. Right: the same gel was dried and subsequently incubated
with X-ray ﬁlm. Note that there was dramatic incorporation of 32P
into wild type but not mutant Munc18b proteins. (E) CDK5
phosphorylation regulates the C-terminal Munc18b binding to Stx3.
GST-tagged Munc18b540–593 proteins (wild type, phospho-mimicking
T572D, and nonphosphorylatable T572A) on glutathione-agarose
beads was loaded with puriﬁed His-Stx3. Bound proteins were
fractionated by SDS–PAGE and stained with Coomassie Blue. Note
that phospho-mimicking Munc18b540–593 did not bind to Stx3.
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interaction. Using Stx3 as an aﬃnity matrix, our pull-down as-
say revealed that Munc18b contains two binding sites for Stx3
which are localized to the N-terminal 156 amino acids and
the most C-terminal 53 amino acids, respectively (Fig. 2A).
Since Munc18b bears a tissue speciﬁc expression pattern rela-
tive to some Stx isoforms, we asked whether Munc18b
contains Stx3-speciﬁc binding activity. To this end, the GST-
tagged fusion proteins containing N-terminal Munc18b
(GST-Munc18b1–156) and C-terminal Munc18b (GST-
Munc18b540–593) were used as an aﬃnity matrix to isolate
histidine-tagged syntaxin isoforms (Stx1, Stx2, Stx3, and
Stx4). As shown in Fig. 2B, the C-terminal Munc18b only
absorbs Stx3 while the N-terminal Munc18b binds to all Stx
isoforms tested equally. To test whether Munc18b bears selec-
tivity over various Stx isoforms, we conducted a pull-down as-
say in which puriﬁed Stx isoform proteins on Ni agarose beads
were incubated with bacterial lysates containing GST-
Munc18b. As shown in Fig. 2C, Munc18b was most greatly
absorbed by Stx3 followed by Stx2 but poorly by Stx1 protein.
Little Munc18b protein was retained on Stx4 beads. These
studies indicate that Munc18b-Stx binding activity may be
speciﬁed by the conformation of Munc18b.
3.3. CDK5 phosphorylates Munc18b and regulates Munc18b–
Stx3 interaction
Previous studies show that CDK5 phosphorylates Munc18a
and such phosphorylation regulates Munc18a–Stx1 interaction
[16]. Since our computational analysis suggests that the CDK5
phosphorylation site is conserved in Munc18b (Thr572), we
sought to test if Munc18b is a substrate of CDK5. To this
end, we performed an in vitro phosphorylation on recombi-
nant GST-Munc18b fusion proteins, including both wild type
protein and non-phosphorylatable mutants in which Thr572
was replaced by alanine (Munc18bT572A). Both GST fusion
proteins, wild type and mutant Munc18bT572A, migrate at
about the predicted 93 kDa as shown in Fig. 2D (left panel,
CB-stain). Incubation of the fusion proteins with [32P] ATP
and CDK5 resulted in the incorporation of 32P into wild type
but not Munc18bT572A mutant (Fig. 2D; right panel, 32P-label-
ing, lanes 2–3). This CDK5-mediated phosphorylation is
Fig. 3. CDK5 phoshorylation enhances the association of Munc18b with Stx3–SNAP25 complex in vitro. (A) Munc18b bears no SNAP25-binding
activity. GST-tagged SNAP25 on glutathione-agarose beads was loaded with puriﬁed MBP-tagged full-length and various mutants (572A, 572D and
Munc18b1–156). Bound proteins were fractionated by SDS–PAGE and stained with Coomassie Blue. Note that neither Munc18b1–156 nor full-length
Munc18b binds SNAP25. (B) CDK5 phosphorylation promotes the binding of Munc18b to the Stx3–SNAP25 complex. GST-tagged SNAP25 on
glutathione-agarose beads was either incubated with Stx3 ﬁrst prior to the loading of puriﬁed Munc18b, or incubated with a mixture of Munc18b
proteins with Stx3. Bound proteins were fractionated by SDS–PAGE and stained with Coomassie Blue. Note that full-length Munc18b but not
Munc18b1–156 binds only to pre-formed Stx3–SNAP25 complex while CDK5-mediated phosphorylation promotes the association of Munc18b to
Stx3–SNAP25 complex (lane 13 vs lane 12). (C) Phospho-mimicking Munc18b binds better to the Stx3–SNAP25 complex. Western blotting analysis
with MBP antibody demonstrates that CDK5-mediated phosphorylation of T572 promotes the association of full-length Munc18b (lane 8 vs lane 7)
but not Munc18b1–156 with pre-formed Stx3–SNAP25 complex in vitro.
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absence of CDK5 resulted in no detectable incorporation of
radioactivity into the wild type protein (Fig. 2D; right panel,
lane 1). Thus, we conclude that Thr572 on Munc18b is a sub-
strate of CDK5 in vitro.
To test if CDK5 phosphorylation modulates the Munc18b–
Stx3 interaction, we generated phospho-mimicking (T572D)
and non-phosphorylatable (T572A) mutants and examined
the role of CDK5-mediated Munc18b phosphorylation in
Stx3-binding using a pull-down assay. As shown in Fig. 2E,
phospho-mimicking Munc18b540–593 failed to absorb histi-
dine-tagged Stx3 (lane 2). Both wild type and non-phosphoryl-
atable Munc18b proteins bind to his-Stx3 protein equally
(lanes 3 and 4). No Stx3 protein was found on GST beads.
Thus, we conclude that Munc18b-Stx3 interaction is regulated
by CDK5 phosphorylation of Thr572.Fig. 4. CDK5-mediated phosphorylation of Munc18 is essential for SNARE
stable Munc18b–SNARE complex in secreting parietal cells. Aliquots of cel
with CDK5 siRNA or scramble oligonucleotides, were incubated with CNBr
proteins were fractionated by SDS–PAGE and stained with silver. Note that M
to Stx3, SNAP25 and VAMP2 from control siRNA-treated cells. (B) Repre
complex in parietal cells. Western blotting analyses with various antibodie
Munc18b with performed Stx3–SNAP25–VAMP complex in vivo. (C)
phosphorylation of Munc18b in parietal cell secretion stimulated by histami3.4. CDK5 phoshorylation enhances the association of Munc18b
with Stx3–SNAP25 complex in vitro
Recent studies demonstrate the importance of Munc18 asso-
ciation with SNARE complex in membrane fusion [17,18].
However, it remains unclear how Munc18–SNARE associa-
tion is orchestrated and how speciﬁc Munc18–SNARE interac-
tion is achieved in regulated exocytosis. To further explore the
functional relevance of CDK5-mediated phosphorylation in
SNARE complex formation, we asked whether such phos-
phorylation promotes the association of Munc18 with SNARE
complex. While wild type and the phospho-mimicking mutant
Munc18b proteins do not bind to SNAP25 directly (Fig. 3A),
phospho-mimicking Munc18b protein binds readily to pre-
formed SNAP25–Stx3 complex (Fig. 3B, lane 13). Wild type
and non-phosphorylatable Munc18b can also complex with
pre-assembled SNAP25–Stx3 complex but less eﬀectively ascomplex formation in vivo. (A) CDK5 is essential for formation of a
l lysates from histamine-treated cultured parietal cells, pre-transfected
-coupled Munc18b antibody beads. The beads were washed and bound
unc18b antibody beads pull down several polypeptides corresponding
ssion of CDK5 prevents the formation of a stable Munc18b–SNARE
s to SNAREs conﬁrm that CDK5 is essential for the association of
Schematic diagram to propose functional role of CDK5-mediated
ne.
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bound to SNARE (Fig. 3C; lanes 6–7). Thus, we conclude that
CDK5-mediated phosphorylation of Thr572 promotes the
association of Munc18b with Stx3–SNAP25 complex.
3.5. CDK5-mediated phosphorylation of Munc18 is essential for
SNARE complex formation in vivo
Previous studies show the SNARE complex is essential for
parietal cell acid secretion [7,9]. Since CDK5-mediated phos-
phorylation facilitates Mucn18b binding to SNAP25–Stx3
complex (Fig. 3C), and CDK5 is required for parietal cell
secretion (Fig. 1), we reasoned that suppression of CDK5
would inhibit formation of a stable SNARE complex during
parietal cell activation. To this end, we used Munc18b anti-
body covalently coupled to Sepharose beads to isolate
Munc18b and its accessory proteins from parietal cells treated
CDK5 siRNA followed by histamine stimulation. Signiﬁ-
cantly, Munc18b antibody isolated Munc18b complex contain-
ing Stx3, SNAP25 and VAMP2 from scramble siRNA
transfected-and-histamine-stimulated parietal cells but not
CDK5-suppressed-and-histamine-stimulated parietal cells
(Fig. 4; lanes 3 and 4). Western blotting analyses conﬁrmed
the formation of Munc18-SNARE complex in secreting parie-
tal cells treated with scramble siRNA (Fig. 4B, lane 4) and eﬃ-
ciency in repression of CDK5 (Fig. 4B; lower panel).
Our current results provide a coherent picture of the initial
steps of SNARE assembly underlying vesicle fusion in hor-
mone-regulated epithelial cell secretion (Fig. 4C). Histamine
stimulation initiates a cAMP-dependent signaling cascade
and activates CDK5 which phosphorylates Munc18b. This
phosphorylation induces a conformational change of
Munc18b to modulate its association with Stx3 on the tubu-
lovesicles. This facilitates the vesicle transport and docking
at the apical membrane. Phosphorylated Munc18b then pro-
motes or stabilizes the Stx3–SNAP25 complex formation to al-
low the assembly of functional SNARE fusion machinery for
regulated exocytosis. Future studies will directly evaluate the
role of Munc18b phosphorylation in gastric acid secretion in
real-time.
It was recently found that addition of recombinant Munc18
to partly assembled SNAREs promotes liposomal fusion [17].
In addition, recent studies indicate that a dynamic transition
can be made from ‘closed’ Stx1–Munc18 into an active
SNAP25-bound conﬁguration in the presence of arachidonic
acid, suggesting an alternative means to activate SNARE com-
plex assembly by inducing conformational change of Stx1 [19].
Our ﬁnding that CDK5-mediated phosphorylation of
Munc18b functions in promoting SNARE complex formation
together with its requirement in regulated acid secretion sug-
gest a novel regulatory mechanism in which Munc18b operates
vesicle docking and fusion in hormone-stimulated polarized
epithelial secretion.
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